In recent years, circular RNAs (circRNAs) have been revealed to have important roles in carcinogenesis. Metastasis is the leading cause of lung adenocarcinoma (LUAC) death. However, the contributions of circRNA to the metastasis of LUAC remain largely unknown. Based on circBase data and our biobank tissues, we identified circCRIM1 (a circRNA derived from exons 2, 3 and 4 of the CRIM1 gene, hsa_circ_0002346) as having a significantly decreased expression in LUAC samples compared with matched normal control samples. Both in vivo and in vitro experiments revealed that circCRIM1 suppresses the invasion and metastasis of LUAC. In vitro precipitation of circRNAs, luciferase reporter assay, and biotin-coupled micro-RNA capture were carried out to investigate the Ago2-dependent interaction of circ-CRIM1 and microRNA (miR)-93/miR-182. Mechanistically, we found that circCRIM1 could promote the expression of leukemia inhibitory factor receptor, a well-known tumor suppressor, by sponging miR-93 and miR-182. In the clinical and pathological analyses, the downregulation of circCRIM1 in LUAC was significantly correlated with lymphatic metastasis and TNM stage, which served as an independent risk factor for the overall survival of patients with LUAC. Our study showed that circCRIM1 inhibits the invasion and metastasis of lung adenocarcinoma cancer cells, which makes it a potential therapeutic target.
| INTRODUC TI ON
Lung cancer has a high incidence and mortality and threatens public health worldwide.
1 Adenocarcinoma is the most common histologic type of lung cancer. Although many achievements have been made in diagnosis and therapy, the high rate of recurrence and metastasis in LUAC leads to a very poor prognosis, and the 5-year overall survival rate of patients with lung cancer is lower than 20%. 2, 3 Therefore, the high mortality rate and the variable treatment responses of LUAC urge us to search for novel molecular targets to develop more effective therapeutic strategies for LUAC.
Circular RNAs represent a novel class of widespread transcripts that form a covalently closed continuous loop. 4, 5 Circular RNAs arise from exonic, intronic, or intergenic regions; exonic circRNAs, which are mainly located in the cytoplasm, are the end products of splicing and are the most studied type of circRNAs to date. 6 Although some recent studies revealed that some circRNAs possess protein translation ability, circRNAs are mostly regarded as miRNA sponges, 7, 8 because they contain conserved miRNA target sites, such as the Ago2 protein. 9, 10 Studies have shown that the sequences of circRNAs are somewhat conserved, and their expression profiles are cell type-or developmental stage-specific, suggesting that some circRNAs have regulatory functions in biological processes. 11, 12 There is growing evidence that circRNAs might play an important role in the progression of some diseases, such as vascular disease risk, neurological disorders, prion diseases, osteoarthritis, diabetes, Parkinson's disease, Alzheimer's disease, and tumor development. 9, [13] [14] [15] Although it has been reported that many genes relate to the carcinogenesis of LUAC, the molecular mechanisms of this process remain mostly obscure, and the function of circRNAs in LUAC tumor initiation and progression remains unclear.
In our study, we identified differentially expressed circRNAs in LUAC by analyzing data derived from circBase. We further characterized a circular RNA hsa_circ_0002346 that is produced from the CRIM1 amplicon at chromosome 2p22.2. Therefore, we termed it circCRIM1.
We validated that circCRIM1 is almost 6.47-fold downregulated in 40 pathologically diagnosed LUAC samples compared with their paired peripheral normal lung tissues by using quantitative PCR. In vitro experiments indicated that circCRIM1 repressed the invasion and metastasis of LUAC cell lines by interacting with miR-182 and miR-93. These findings contribute to an understanding of the processes involved in migration. Mechanistically, circCRIM1 could promote the expression of LIFR, a well-known tumor suppressor, by sponging miRNAs. Taken together, we can conclude that circCRIM1 could act as a ceRNA to regulate LIFR expression by interacting with miR-182 and miR-93. This study describes a novel regulatory mechanism of circRNAs and provides a potential therapeutic target for lung cancer.
| MATERIAL S AND ME THODS

| Patient samples
Tumor tissues and paired peripheral normal lung tissues from LUAC patients who underwent surgery at the Department of Thoracic Surgery, Jiangsu Cancer Hospital (Nanjing, China) were collected subjected to qRT-PCR, immunohistochemistry, and immunofluorescence analyses. All tumors and paired normal tissues were confirmed by pathologists. None of the patients received neoadjuvant therapy. The clinical and pathological characteristics of each patient were collected after surgery. This study was approved by the Ethics Committee of Jiangsu Cancer Hospital in accordance with the ethical standards. All participants provided written informed consent.
| Cell culture
The human LUAC cell lines A549, H1299, H2228, pc9, and H1975
were purchased from ATCC and maintained in RPMI-1640 (KeyGen), except for SPCA-1 which was maintained in DMEM (KeyGen), and both media were supplemented with 10% FBS (Life Technologies) at 37°C in a humidified atmosphere with 5% CO 2 .
| Quantitative PCR analysis
Total RNA was isolated using TRIzol reagent (Invitrogen). Quantification of circRNA and mRNA was carried out using PrimeScript RT Master Mix (cat. #RR036A; Takara), and miRNA concentrations were determined using PrimeScript RT Master Mix (cat. #RR037A; Takara).
Before calculation using the ΔΔC t method, the levels of GAPDH were used to normalize the relative expression levels of circRNA and mRNA, and the levels of small nuclear U6 were used to normalize the miRNA expression levels. The primers are provided in Table S1 .
| Tissue microarray and CISH
Tissue microarray was constructed as described. 16 Ninety-two pairs of LUAC tissues and their paired peripheral normal lung tissues were used to construct the TMA. RNA CISH was undertaken to detect circCRIM1 expression in TMA using digoxigenin labelled probe 3 (5′-AGTCCAGTTCTCATCTTGTTGG-3′). Briefly, the samples were fixed in 4% paraformaldehyde and hybridized with the digoxin-labeled probe overnight at 55°C. The samples were then incubated overnight at 4°C
with an anti-digoxin mAb (Roche Applied Science). The sections were stained with nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate in the dark, mounted and observed.
| Fluorescence in situ hybridization
We used FISH to detect the subcellular location of circCRIM1 in LUAC cells and also to detect the expression of circCRIM1 in LUAC tissues compared with normal tissues. A FISH probe was designed to detect the splicing junction of 2 exons, and the probe sequence was 5′-FAM-AGTCC AGTTC TCATC TTGTT GGCAA AGTAC-FAM-3′.
| Small interfering RNA and plasmid construction and cell transfection
The circCRIM1 and LIFR siRNAs were provided by Life
Technologies. The cDNA of circCRIM1 and LIFR was synthesized by Invitrogen and cloned into the expression vector pcDNA3.1.
The miR-182 and miR-93 mimics were provided by RiboBio. The nucleotide sequences are listed in Table S1 . Transfection was carried out using Lipofectamine 3000 (Invitrogen) according to the manufacturer's instructions.
| In vitro cell migration and invasion assays
We We also harvested H1299 cells that had been transfected for 24 hours with circCRIM1 plasmid or vector pcDNA3.1 and carried out cell migration and invasion assays.
| In vivo metastasis assays
For in vivo metastasis assays, H1299 cells were inoculated into nude mice (4 mice per group) through the tail vein. After 4 weeks, the mice were killed, necropsies were carried out, and the lung metastatic nodules were counted. Staining with H&E confirmed that the nodules were metastatic tumors. The protocol used for these studies was approved by the Institutional Animal Care and Use Committee of the Affiliated Cancer Hospital of Nanjing Medical University.
| Real-time cell analysis
The RTCA system was applied to monitor cell migration by using cell migration plates. Then RPMI containing 10% FBS was placed in the lower chamber. The upper chamber was mounted, and 30 μL serum-free medium was added to each well at 37°C and 5% CO 2 .
Cells (40 000) were plated into each well of the upper chamber of the cell migration plates. Readings were recorded at 15-minute intervals until the end of the experiment (up to 36 hours).
| Separation of cytoplasm and nucleus fraction
The subcellular localization of circCRIM1 was detected using the PARIS Kit according to the manufacturer's protocol (Ambion, Life Technologies).
| Luciferase reporter assay
The LIFR binding sites of miR-RNA were predicted by TargetScan (http://www.targe tscan.org/vert_71/). The different fragment sequences were synthesized and then inserted into the pGL3-basic vector (Promega). All vectors were verified by sequencing and luciferase activity was assessed using the Dual Luciferase Assay Kit (Promega) according to the manufacturer's instructions.
| RNA immunoprecipitation assay
RNA immunoprecipitation was carried out using anti-Ago2 or control anti-IgG Abs with Magna RIP RNA-Binding Protein
Immunoprecipitation Kit (Millipore). Beads were washed and purified RNA was subjected to qRT-PCR analysis and determined circ-CRIM1 and miR-93 and miR-182 expression levels.
| Biotin-coupled miRNA capture
The biotin-coupled miRNA pull-down assay was carried out as previously described. 
| RNA sequencing
The Agilent human mRNA array was designed with 8 identical readings using a spectrophotometer (NanoDrop ND-1000). RNA integrity was determined by 1% formaldehyde denaturing gel electrophoresis.
| Western blot analysis
Western blot analyses were carried out according to standard protocols. Anti-β-actin and anti-LIFR were purchased from Abcam.
| Statistical analysis
The numerical data are presented as the mean ± SD of at least 3 determinations. Statistical comparisons between groups of normalized data were undertaken using t tests and the Spearman correlation. Multivariate Cox regression was used to identify factors associated with survival of LUAC. Values of P < .05 were considered statistically significant with a 95%
confidence.
| RE SULTS
| CircCRIM1 is downregulated and correlated with poor clinical outcomes in LUAC
In our study, we first characterized circRNA transcripts in LUAC by analyzing data derived from circBase (http://www.circb ase.org/) ( Figure 1A ).
We detected 14 968 distinct circRNAs in A549 cells in circBase in total (Table S2) , and the length of most these circRNAs was larger than 300 nt and less than 1000 nt ( Figure 1B ). After excluding the low abundance (read score <200) ones, we identified 25 circRNAs (Table S3) , with 10 whose length is between 300 and 1000 nt.
Further validating qRT-PCR with divergent primers revealed 5 highly expressed circRNAs (hsa_circ_0002346, hsa_circ_0007836, hsa_ circ_0001875, hsa_circ_0001900, and hsa_circ_0000247) in LUAC A549 cell ( Figure 1C ). Among these, hsa_circ_0002346 was the most downregulated in 30 pairs of LUAC samples compared with matched normal control samples ( Figure S1 ). We added 10 more pairs of tumor tissue specimens and validated that circCRIM1 was almost 6.47-fold downregulated in 40 pathologically diagnosed LUAC samples by using qRT-PCR ( Figure 1D ).
The existence of 538-nt has_circ_0002346 generated from 3 exons (exons 2, 3 and 4) of the CRIM1 gene was further confirmed with Sanger sequencing. Thus, we named hsa_circ_0002346 as "circCRIM1" ( Figure 1E ). Furthermore, we used actinomycin D to inhibit transcription and then measured the half-life of circCRIM1 and CRIM1 in H1299 cells. The results showed that circCRIM1 was more stable than CRIM1 mRNA ( Figure 1F ). We detected that circCRIM1 was resistant to RNase-R digestion, as measured by real-time PCR.
RNase-R treatment decreased the linear CRIM1 mRNA but not circ-CRIM1 ( Figure 1G ); in general, circRNAs are more stable than their linear counterparts.
Patients with TNM stage I LUAC showed higher circCRIM1 expression than patients with TNM stage II and III LUAC (P = .029; Figure 1H ). Patients with lymph node metastasis showed reduced expression of circCRIM1 (P = .013; Figure 1H ). We also confirmed that circCRIM1 was downregulated in LUAC samples with FISH assays ( Figure 1H ). These results revealed that circCRIM1 might play a vital role in the tumor invasion and metastasis of LUAC.
Next, we examined CRIM1 expression in 40 pairs of LUAC tumor tissues. The CRIM1 expression was 4.73-fold downregulated in tumor tissues compared with paired nontumor tissues and positively correlated with circCRIM1 expression (r 2 = 0.696, P < .01; Figure 1J ,K). These results suggested that downregulated expression of circCRIM1 is partially due to CRIM1 gene downregulation.
| CircCRIM1 inhibits LUAC cell migration and invasion
We first examined the expression of circCRIM1 in LUAC cell lines by qRT-PCR before investigating its function in vitro. We found circ-CRIM1 was upregulated the most in SPCA-1 and A549 cells and downregulated the most in H1299, pc9, and H2228 cells (Figure 2A ).
We designed siRNAs and cDNAs of circCRIM1 and tested their efficiency ( Figure 2B ).
Transwell and Matrigel assays were undertaken to further determine the role of circCRIM1 in LUAC progression. Our data showed that circCRIM1 overexpression significantly reduced cell migration and invasion ( Figure 2C ). The wound healing assay also showed similar results ( Figure 2D ). The RTCA also identified that circCRIM1
could suppress the migration ability of LUAC cells in silencing and overexpression experiments ( Figure 2E ). Taken together, these data suggest that circCRIM1 might serve as a tumor suppressor in LUAC progression.
However, ectopic expression of circCRIM1 did not affect cell proliferation ( Figure S2 ).
Epithelial-mesenchymal transition markers were analyzed in circCRIM1 overexpressed cells using immunofluorescence. The results showed that the E-cadherin expression level was increased, and vimentin and N-cadherin expression levels were decreased in circCRIM1-overexpressing A549 cells ( Figure 3A ). These results also confirmed that circCRIM1 could suppress the migration and invasion of LUAC cells.
Consistent with findings in vitro, using mice i.v. injection metastasis models, we evaluated the effect of circCRIM1 on LUAC metastasis. In the i.v. injection model, all of the mice injected with H1299 cells had metastatic nodules in the lung ( Figure 3B ,C). The number of lung metastases in mice in the circCRIM1 overexpression group was less than that in the control group ( Figure 3D ).
| circCRIM1 serves as a sponge for both miR-93 and miR-182
To further explore the molecular mechanisms involved in the modulation of circCRIM1, we determined the subcellular location of circ- 
| Both miR-182 and miR-93 decrease LIFR expression
To identify the potential target genes of miR-182 and miR-93, we used the TargetScan prediction program. We filtered genes that were positively correlated with circCRIM1 expression in our microarray data ( Figure S4 and Table S4 ). We found that LIFR was suggested to be a target gene of both hsa-miR-93 and hsa-miR-182 ( Figure 4G ).
To confirm this finding, a luciferase reporter assay was carried out.
A significant decrease in luciferase activity was observed when cells were cotransfected with the miR-182 and miR-93 mimics but not with the mutant luciferase reporter ( Figure 4H ). Biotin pull-down assays indicated that the miR-182-and miR-93-captured fractions were distinctly enriched with LIFR ( Figure 4I ). There was also a positive correlation between circCRIM1 expression and LIFR expres- 
| Leukemia inhibitory factor receptor inhibits LUAC cell migration and invasion
Given 
| circCRIM1 serves as a biomarker of LUAC
Expression of circCRIM1 was also detected in LUAC tissues with CISH of the TMA of 92 pairs of LUAC and adjacent normal tissues. There was also a negative correlation between circCRIM1 expression and lymph node metastasis and TNM stage ( Figure 6A , Table 1 ). Kaplan-Meier survival curves showed that patients with higher levels of circCRIM1 had a longer overall survival (HR = 0.5896; 95% CI, 0.3647-0.9532, P = .03; Figure 6B ). Multivariate analyses indicated that low circCRIM1 levels are an independent poor prognosis factor for LUAC patients (HR = 2.502; 95% CI, 1.307-4.792, P = .006; Figure 6C ). 
| D ISCUSS I ON
Although surgical techniques and radiochemotherapy regimens have improved in recent decades, the survival rate of lung cancer has not increased as we expected. Therefore, it is urgent to explore the molecular mechanisms of the carcinogenesis and progression of LUAC to develop novel strategies to improve LUAC prognosis.
Circular RNAs are promising potential biomarkers because of their unique structure, high stability, and specific expression patterns. 27 It has been reported that circRNAs are aberrantly expressed in tumors and function as tumor suppressors or oncogenes in the progression of cancer pathogenesis. Several studies suggest that circRNAs regulate gene expression and participate in numerous cellular processes by sponging miRNAs. 6 In addition, one circRNA could sponge multiple miRNAs. circHIPK3 has been confirmed to sponge 9 miRNAs (miR-124, miR-152, miR-29a, miR-29b, miR-193a, miR-338, miR-379, miR-584, and miR-654), as evidenced by luciferase activity assay.
Furthermore, the overexpression of circHIPK3 has an antagonistic effect on miR-124 in cell proliferation. 29 circCCDC66 sponges multiple miRNAs to promote colorectal cancer growth and metastasis.
12
To date, only a few circRNAs have been reported in LUAC.
circPRKCI functioned as a sponge for both miR-545 and miR-589
and abrogated their suppression of the protumorigenic transcription factor E2F7. 18 Similarly, the echinoderm microtubule associated protein-like 4-anaplastic lymphoma kinase (EML4-ALK)-v3b-derived circRNA, F-circEA-2a, promotes cell migration and invasion, supporting the significant diagnostic value of EML4-ALK-positive non-small-cell lung cancer. 30 These studies exemplify circRNAs as oncogenes contributing to LUAC progression. However, the function of downregulated circRNAs in LUAC still comprises unexplored territory. Thus, our study indicates that circCRIM1 is downregulated in LUAC and plays crucial inhibitory roles in LUAC metastasis.
In this study, circBase and CircInteractome were used to predict circRNAs, and the circRNAs were selected with the relatively unbiased approach of computational algorithms. We gradually confirmed the regulatory role of circCRIM1 and its sponging effect on miRNAs in LUAC through functional and molecular experiments. We found that circCRIM1 was downregulated and correlated with poor clinical outcomes in LUAC. Moreover, we found that circCRIM1 was negatively correlated with TNM stage and LUAC lymph node metastasis.
Further experiments showed that circCRIM1 could inhibit the invasion and metastasis of LUAC cells in vitro and in vivo. Vimentin, Ecadherin, and N-cadherin are mesenchymal markers responsible for maintaining cell shape and stabilizing cytoskeletal interactions. They function as organizers of a number of critical proteins involved in cell attachment and migration. 31 These changes of epithelial-mesenchymal transition markers in our study also confirmed that circCRIM1 could suppress the migration and invasion of LUAC cells.
These results revealed that circCRIM1 plays a tumor-suppressive role in LUAC progression and could represent a potential novel biomarker and a therapeutic target of LUAC.
Many studies validated that circRNA could bind with Ago2 and sponge miRNAs. 19 In the current study, in vitro precipitation, luciferase reporter assay, and biotin-coupled miRNA capture were undertaken to reveal the Ago2-dependent interaction of circCRIM1 and patients. 35 Additionally, LIFR is downregulated in human breast cancer, and it functions as a breast cancer metastasis suppressor.
The downregulation of LIFR also significantly correlates with poor clinical outcomes of breast cancer patients. 36, 37 We found that LIFR was downregulated and correlated with poor clinical outcomes in LUAC according to the Kaplan-Meier calculations and The Cancer Genome Atlas database (http://www.targe tscan.org/vert_71/). We confirmed this result by quantifying LIFR expression in LUAC tissues using a TMA of 92 pairs of LUAC and adjacent nontumor tissues.
Our experiments indicated that LIFR is associated with a suppressed LUAC phenotype in LUAC cells in vitro and that LIFR could be a potential therapeutic target against LUAC metastasis.
As a member of the gp130 receptor family, LIFR is structurally similar to gp130, which is an interleukin-6 signal transducer. 38 After Leukemia inhibitory factor (LIF) forms multimeric complexes with gp130, LIF binds the complexes and subsequently activates the JAK/STAT, MAPK, and PI3K/AKT signaling pathways. 39 Future studies concerning LIFR-mediated PI3K and AKT phosphorylation are needed to fully elucidate the mechanism underlying LIFR function in LUAC.
In summary, our findings provide new insights into LUAC metastasis and a novel strategy for LUAC diagnosis and treatment. 
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